Abstract Two porphyrins, CoTPPS and MnTMPyPCl 5 , were tested for their photodynamic activity and potential novel use in a therapy of human cancers. We investigated an effect of photodynamic reaction (PDR), electroporation (EP) and their combination (electro-photodynamic reaction [EP-PDR]) on human colon adenocarcinoma cell lines (LoVo and resistant to doxorubicin LoVoDX), human breast adenocarcinoma (wild type MCF-7/WT and resistant to doxorubicin MCF-7/DOX), and human melanoma (Me45). The efficiency of macromolecules transport was examined with cytofluorymetry by assessing the degree of propidium iodide (PI) penetration. Additionally, cellular ultrastructure after EP was evaluated. We determined cyto-and photo-cytotoxic effect on the cells viability (MTT assay) after standard PDR and PDR combined with EP. Intracellular distribution and mitochondrial colocalization of both porphyrins was also performed. The experiments proved that both complexes exhibit desirable photodynamic properties on LoVo LoVoDX cells, and EP effectively supports photodynamic method in this type of cancer. The application of EP provided shorter time of incubation (only 10 min) and enhanced effect of applied therapy. The porphyrins did not affect the MCF-7 and Me45 cell lines.
Introduction
Photodynamic therapy (PDT) is a technique of cancer treatment based on the effects of the light-sensitive agents. This method involves the combination of light, a photosensitizer and oxygen. It is based on the production of reactive oxygen species upon irradiation of the photosensitizer in the presence of oxygen. However, researchers are still developing new sensitizers with potential application in photodynamical treatment Saczko et al. 2008; Labanauskiene et al. 2007 ).
The therapeutic effect of porphyrins and their derivatives, in combination with visible light, have attracted much attention (Milgrom and O'Neill 1993; Grosseweiner 1994; Yslas et al. 2000) . These compounds belong to a large class of fluorescent crystalline pigments, which are of natural or synthetic origin, having in common a substituted aromatic macrocyclic ring consisting of four pyrrole-type residues, linked together by four methine bridging groups. Porphyrins are verified as ideal photosensitizers because they are non-toxic, selectively retained in tumor tissue in high concentrations, water-soluble to a certain level, and cleared in a reasonable time from the body and rapidly from the skin, which prevents photosensitive reaction (Pushpan et al. 2002; .
In some cases, PDT is not efficient enough and requires application of other enhancing methods (nanotechnology, electroporation [EP] , etc.) (Allison et al. 2008 . EP is a modern and versatile method that enables penetration of macromolecules from intercellular space into cells. Electropores generated with electromagnetic fields provide an additional way of a drug transport. Chemotherapy assisted by EP is known as electrochemotherapy (ECT) (Sersa et al. 2008; Escoffre and Rols 2012) . Thus, ECT and PDT are low-invasive and targeted therapies. A combination of these therapies can allow a synergistic effect (Kotulska et al. 2013) .
One of the most crucial elements of PDT is the ability of a photosensitizer to induce efficient transmembrane transport and the intracellular accumulation. Depending on a photosensitizer, its physicochemical properties, and uptake mechanisms, dyes can reach different intracellular concentrations and localize in different subcellular compartments, which may trigger various pathways of events (Teissie and Rols 1988; Chen et al. 2006) . Understanding and controlling these pathways will allow for a better tailored therapy with a high specificity and increased efficiency.
The aim of our study was to assess the sensitivity to PDT, with two porphyrins never tested for their potential anticancer effect, on a few human cancer cells: human colon adenocarcinoma (LoVo and resistant to doxorubicin LoVoDX), human breast adenocarcinoma (MCF-7/WT and resistant to doxorubicin MCF-7/DOX), and human melanoma (Me45). We also tested the influence of EP on the therapeutic effects with these compounds.
Material and methods

Porphyrin dyes
We used two porphyrins: an anionic metalloporphyrin CoTPPS and a cationic metalloporphyrin MnTMPyPCl 5 (their structures and full names are presented in Table 1 ). Both porphyrins were purchased from Midcentury Chemicals.
Cell lines
The studies were performed on human adenocarcinoma cell lines: doxorubicin-sensitive (LoVo, MCF-7/WT) and doxorubicin-resistant (LoVoDX, MCF-7/DOX), and human melanoma (Me45). Colon adenocarcinoma cell lines were obtained from the Institute of Immunology and Experimental Therapy from Wroclaw. Human adenocarcinoma cells, MCF-7/WT and MCF-7/DOX, and melanoma cells Me45 were a kind gift from the Department of Tumor Biology, Comprehensive Cancer Center, Maria Sklodowska-Curie Memorial Institute (Gliwice, Poland). The colon adenocarcinoma cells were grown in Ham F-12 medium (Lonza) MCF-7 and Me45 cells were grown in Dulbecco's medium with addition of 10 % fetal bovine serum (Biowhittaker) and supplemented with antibiotics (penicillin/streptomycin; Sigma). For the experiments the cells were removed by trypsinization (Trypsin 0.025 % and EDTA 0.02 %; Sigma) and washed with PBS (Sigma). The cells were maintained in a humidified atmosphere at 37°C and 5 % CO 2 .
Spectroscopic assay
Solutions of porphyrins were dissolved in PBS and EtOH to a concentration of 6 μM. Spectra of absorbance were measured with EnSpire Multimode Reader (Perkin Elmer, Poland).
Zeta potential measurements
Electrophoretic mobility in Zetasizer nano ZS was measured using the Laser Doppler Velocimetry (LDV) technique (measurement range of 3 nm to 10 μm). In this technique, a voltage was applied across a pair of electrodes placed at both ends of a cell containing the particle dispersion. Charged particles were attracted to the oppositely charged electrode, and their velocity was measured and expressed per unit field strength as the electrophoretic mobility μ e .
where ε is the dielectric constant of water and F(κa) is the function of dimensionless parameter κa, k À1 ¼ "kT 2e
is the double-layer thickness, e is the elementary charge, k is the Boltzmann constant, T is the absolute temperature,
is the ionic strength, c i is the ion concentrations, and a is the characteristic dimension of the particle. Electrophoretic mobility was determined at fixed pH range and ionic strength, regulated by addition of NaCl. Then, the zeta potential was calculated using Henry's equation
where z is the zeta potential of the porphyrin. Data are presented in Table 1 .
Transmission electron microscope (TEM)
The ultrastructural analysis after EP was examined by TEM Zeiss EM 900. After EP, the cells were fixed for 30 min in 2.5 % (vol/vol) glutaraldehyde and 0.1 M phosphate buffer (pH 7.4). After postfixation in 1 % (wt/vol) osmium tetroxide, cells were dehydrated through a graded series of alcohol and propylene oxide and embedded in Epon. The Epon blocks were cut on the ultramicrotome (Ultracut E, Reihert, Germany). Ultrathin sections were contrasted with uranyl acetate and lead citrate according to the method described by Skolucka et al. (2011) and examined with a TEM Zeiss EM 900 (Carl Zeiss, Oberkochen, Germany).
Electroporation
EP was carried out with ECM 830 Square Wave Electroporation System (BTX, purchased from Syngen Biotech, Poland). The EP method was selected based on our previous experiments ). We applied electrical pulses with magnitude 250, 1,250 and 2,500 V/cm, 50 μs long, in the series of five impulses. As electrodes we used two thin aluminum parallel plates, 4 mm apart. They were connected to the voltage generator and produced a uniform electric field in the cuvette (Cuvettes Plus 640, 800 μl). Cells in suspension were centrifuged for 3 min at 537×g and resuspended in the EP buffer with low electrical conductivity (10 mM phosphate, 1 mM MgCl 2 , 250 mM sucrose, pH 7.4) . After pulsation, cells were left for 10 min with addition of 1,800 μl culture medium, then washed and centrifuged twice with culture medium, and seeded into 96-well microculture plates for the MTT assay.
Electroporation efficiency -iodide propidium and porphyrins uptake (FACS)
Electropermeabilization of cells was quantified by the penetration of impermeant dye. Immediately before EP cells were put into propidium iodide (PI; P4170, Sigma) or porphyrins: CoTPPS or MnTMPyPCl 5 . The concentration of PI in cuvette in the EP buffer was 10 μmol/l, and the concentration of porphyrins was 6 μmol/l. After EP, cells were incubated for 15 min (PI) or 10 min (porphyrins) at 37°C in a humidified atmosphere containing 5 % CO 2 . Then, cells were washed twice in PBS and resuspended in 1 ml PBS. Samples were analyzed immediately after electropermeabilization on FACS Calibur flow cytometer (Becton Dickinson). At least 50,000 viable cells were measured from each sample at a rate of up to 1000 cells/s. The samples were excited using the 488-nm line of an argon laser and red detection of fluorescence was performed at 650 nm. For porphyrins, the samples were excited using 530 nm line. Light-scatter and fluorescence measurements were used as an indication of object size and shape, allowing discrimination between cells, microspheres, and debris. Data were analyzed using CellQuest software (Becton Dickinson) and presented as histograms, as well as the geometric mean (GMean) fluorescent emission intensities of positive cells.
Photodynamic reaction (PDR)
The phototoxic effect of the two dyes was determined after 1 and 4 h of incubation with 6 and 12 μM concentration of applied compounds. Then the cultures were irradiated and culture medium was exchanged. Both porphyrins were irradiated using a lamp (OPTEL Fiber Illuminator, Opole, Poland) with polarized light (fluence at the level of the cell monolayer -10 mW/cm 2 ) and a two filters (l max =435 and 530 nm). Twenty-four hours after irradiation, the MTT assay was performed.
Electroporation and photodynamic reaction (EP-PDR)
With standard PDR cells were incubated for 1 and 4 h before irradiation. The cells were irradiated with a lamp (OPTEL Fiber Illuminator, Opole, Poland) with polarized light (fluence at the level of the cell monolayer -10 mW/cm 2 ) and two filters (l max =435 and 530 nm). Cells were incubated for 3 min in the presence of porphyrins in the dark. Then the EP with selected parameters (1,250 V/cm, 50 μs and five impulses) was applied and the cells were left for 10 min with addition of 1,800 μl culture medium. Next, the cells were irradiated for 10 min by the light of intensity 1.9 J/cm 2 . All irradiations were performed at room temperature. Finally, the cells were washed and centrifuged twice with a fresh culture medium and seeded into 96-well microculture plates for the MTT assay.
MTT assay
After standard PDR and PDR combined with EP we determined the cells viability with MTT assay. The MTT assay (Sigma) was used to test mitochondrial metabolic functioning. Cells were seeded into 96-well microculture plates at 1×10 4 cells/well and allowed to attach overnight. After incubation with various concentrations of the porphyrins, the assay was performed according to the manufacturer's protocol. The absorbance was measured using a multiwell scanning spectrophotometer at 570 nm (Multiscan MS microplate reader). The result was expressed as the percentage of viable cells relative to untreated control cells.
Intracellular localization
Microcultures were trypsinized from the culture flasks and seeded on cover glasses (24x24 mm, Thermo Scientific) in 35 mm Petri dishes (Nunc). The cells were incubated with the compounds (6 μM) for 1 h. In case of EP-treated cells, the medium was removed and 1 ml of EP buffer with porphyrin (6 μM) was added; adherent cells were pulsed on the cover glasses, using Petri Pulser applicator (BTX Harvard Apparatus, purchased from Syngen Biotech, Poland) with ECM 830 generator. After 10 min of incubation in 37°C, the buffer was r e m o v e d . T h e n t h e c e l l s w e r e s t a i n e d w i t h MitoTracker® Deep Red FM (1 μM, Molecular Probes®, Life Technologies) for 15 min. After mitochondrial staining the cells were washed in PBS, fixed in 4 % buffered formalin (Polysciences, Inc.) and washed in PBS. The cells were examined under a confocal scanning laser microscope (Carl Zeiss GmbH, Jena, Germany). 
Results
Spectroscopic studies of porphyrins
Two absorption bands can be observed in the absorption spectra of the two porphyrins (CoTPPS and MnTMPyPCl 5 ) in EtOH and PBS solutions. The recorded spectra are presented in Fig. 1a and b. The absorption bands were located at shorter wavelengths of about 450 nm (CoTPPS: 440 nm in EtOH and 435 nm in PBS), and at longer wavelengths of about 550 nm (MnTMPyPCl 5 : 570 nm in EtOH and 561 nm in PBS). As shown in Fig. 1a and b, the absorbance peaks recorded for solutions in EtOH had "red shift" and revealed decreased values of absorbance. The porphyrins absorbance spectrum is sensitive to the environment of the porphyrins. Changes in acidity, hydrophobicity, ion content, etc., can reveal an increase or decrease of the absorbance intensity; thus, we suppose that the observed redshift and decreased absorbance are involved in this dependence, which can be related to acidity of the environment.
Cytotoxicity and photodynamic reaction
Among the five cell lines tested in our study, two colon adenocarcinoma lines showed sensitivity to the treatment with MnTMPyPCl 5 and CoTPPS porphyrins. The breast adenocarcinoma cell line (MCF-7/WT and MCF-7/DOX) and melanoma cell line (Me45) were not affected by the porphyrins, neither in the standard PDR nor EP-PDR experiments (data not shown). Figure 2 shows the cytotoxicity of MnTMPyPCl 5 and CoTPPS in LoVo and LoVoDX cell lines. The proliferation assay performed after 24 h revealed which dye concentration was not cytotoxic and could be included for further examinations. As we could also observe, LoVoDX cell line was more sensitive to the applied porphyrins. In the standard PDR experiment, cells were incubated for 1 or 4 h before irradiation. The results of the standard PDR are presented in Figs. 3 and 4a Interestingly, in the case of resistant LoVoDX cells, after 4 h of incubation the PDR effect was minor (only 10-15 % decrease in comparison with dark control cells). It could indicate that the pump out effect of the drug, often occurring in the cells with drug resistance, came to the fore after a prolonged of exposure to the drug. Figure 5 shows the influence of EP parameters for LoVo and LoVoDX cells. EP at 1,250 V/cm (50 μs and five impulses) turned out as relatively non-toxic: 78 % for LoVo and 75 % for LoVoDX, and was selected for further experiments. EP at 2,500 V/cm reduced cells proliferation to 33 % in LoVo cells and to 66 % in resistant cell line. The cell line sensitive to doxorubicin was usually more sensitive to external electric field.
Electropermeabilization (EP) of colon adenocarcinoma cells
Intracellular distribution of MnTMPyPCl 5 and CoTPPS -CLSM study
Intracellular distribution of MnTMPyPCl 5 and CoTPPS is presented in Fig. 6 . We detected stronger fluorescence signal in the case of MnTMPyPCl 5 dye for both cell lines. This porphyrin was dispersed throughout cytoplasm and in cellular compartments. As we could observe, the fluorescence intensity of Mn-porphyrin increased proportionally to the electric field parameters. There was a noticeable colocalization with cellular mitochondria in LoVo cells. A much weaker intensity was demonstrated with CoTPPS in both cell lines; however, in resistant cells the fluorescent signal was stronger and dispread in cytoplasm.
FACS analysis -IP and porphyrins uptake FACS analysis, presented in Fig. 7a-d , showed the efficiency of applied EP parameters in human colon adenocarcinoma cell lines. As observed, in LoVo cells the higher electric field the greater intensity of PI signal. This proves better PI transport into cells. In the case of LoVoDX cells, we observed a similar but weaker effect (Fig. 7a) . The uptake of porphyrins revealed a better efficiency in the case of MnTMPyPCl 5 . FACS analysis demonstrated the increased dye uptake with increasing electrical field parameters. In the case of CoTPPS, no significant effect was observed.
TEM -ultrastructural analysis after EP With selected parameters, we conducted an ultrastructural examination of both human colon adenocarcinoma cell lines. Electrograms presented in Fig. 8a-d were performed for control cells and cells treated with external field (1,250 V/cm). Electrograms for control cells of both cell lines were normal without any major alterations. In LoVo cells we observed non-significant changes after application of 1,250 V/cm. We could see a lot of heterochromatin; myelin bodies (MB), several vacuoles and normal mitochondria. In the case of LoVoDX cells, translucent mitochondrial matrix appeared after electropermeabilization, the cristae were swollen and lysed. Some vacuoles containing electron dense material (EDM) also occurred. In the resistant cell line, we could also observe many deposits of glycogen.
PDR-EP study in human cancer cells porphyrins in dark condition on electroporated cells is usually smaller (in some cases significantly) than that in irradiated experiment, which proves the therapeutic potential of the method. In the case of LoVo cells (Fig. 9a) , at 6 μM of MnTMPyPCl 5 , the dark EP control cells showed 79.7 % viability, while in the full irradiated experiment only 45.8 % (530 nm) and 49.6 % (435 nm) survived. For LoVoDX cells (Fig. 9b) , the effect was even more significant -at 6 μM of MnTMPyPCl 5 , the dark EP control cells showed 101.5 % of viability while in the full irradiated experiment only 58.8 % (530 nm) and 37.0 % (435 nm) survived. In the case of 12 μM of MnTMPyPCl 5 irradiated with 435 nm, irradiation proliferation was reduced to 30 % of LoVo cells, and over 60 % for LoVoDX cells (Fig. 9 ). CoTPPS revealed a weaker effect -at 6 μM, the dark EP control cells showed 75.9 % of viability while in the full irradiated experiment only 59.9 % (530 nm) and 63.7 % (435 nm) LoVo cells survived. For LoVoDX cells no significant effect was observed -at 6 μM of CoTPPS, the dark EP control cells showed 90 % of viability while in the full irradiated experiment only 75.2 % (530 nm) and 88.6 % (435 nm) survived. After EP application to LoVo cells with CoTPPS at 12 μM and irradiation with 435 nm, cell viability decreased to about 65 % of control cells (Fig. 9a) and for LoVoDX to 52 % (Fig. 9b) .
In the case of other treated cell lines, no significant effect of combination EP with PDR was observed. For breast adenocarcinoma cells, wild type (MCF-7/WT), after therapy 80 % of control was achieved (Fig. 9c) ; for resistant cells (MCF-7/DX,) 90 % of control cells (Fig. 9d) . Human melanoma cells (Me45) were extremely resistant for applied EP+PDR reaction and reached over 100 % of control cells (Fig. 9e) .
Discussion
Photodynamic treatment is a commonly applied therapeutic method. However, researchers are still seeking new photosensitizing drugs or techniques for their intracellular delivery. In this study, we suggest EP as an effective method for a photosensitizer transport into cancer cells. EP involves the application of short high-voltage pulses to permeabilize the cell membrane. By applying an external electric field, which surpasses the capacitance of the cell membrane, transient and reversible breakdown of the membrane can be induced (Gehl 2003; Breton and Mir 2012) . Enhancing PDT of cancer by electropremeabilization increases the therapeutic efficiency of PDT. What is more, this combined therapy is low invasive and selective. In our previous study the effective action of EP with PDR with hematoporphyrin derivative (HpD) was proven Saczko et al. 2010; Kulbacka et al. 2011) . The electro-photodynamic therapy applied to lung cancer cells (A549) revealed a significant increase of the cytotoxic effect on cells when compared to HpD-PDT alone, even at drug doses significantly lower than typical levels. The results also demonstrated that the drug was delivered within minutes, instead of hours as in standard PDT (Skolucka et al. 2011 ). Labanauskiene et al. (2009 examined Chinese hamster lung fibroblast cell line (DC-3F) (2007) and murine hepatoma MH22A cells. Cells were affected by photosensitizers chlorin e(6) and aluminium phthalocyanine tetrasulfonate (AlPcS4).These data showed that the cytotoxicity of PDT in combination with EP increased the efficacy 4-fold on the average (Labanauskiene et al. Kotulska et al. (2013) . Some authors examined the usefulness of ECT against colorectal cancer (CRC) using a mouse model. Kuriyama et al. (2000) applied bleomycin (BLM), 5-fluorouracil (5-FU) and cisplatin in combination with EP. For this type of cancer, they obtained a positive treatment effect only for BLM (Kuriyama et al. 2000) . Edhemovic et al. (2011) described a case of a successful treatment of a solitary metastasis of colorectal cancer in the liver. The procedure was performed intraoperatively by inserting long needle electrodes, two in the center of the tumor and four around the tumor into the normal tissue. The authors obtained good antitumor effectiveness with complete tumor destruction, which was confirmed with a histological analysis (Edhemovic et al. 2011) .
In our work, we examined five human cancer cell lines (colon and breast adenocarcinoma, and melanoma) for treatment with compounds from a group of porphyrins: CoTPPS and MnTMPyPCl 5 , which have not been tested in PDR so far. The cell lines of colon adenocarcinoma (LoVo and LoVoDX) showed therapeutic sensitivity to the porphyrins combined with EP. The application of EP provided shorter time of incubation (only 10 min) and enhanced the effects of applied therapy. The increase of the electric field intensity induced higher permeability of cell membranes without any significant changes in the cellular ultrastructure, which was proved with TEM analysis.
In case of LoVo and LoVoDX cells, the synergistic effect of EP and photodynamic treatment was reported. The porphyrin MnTMPyPCl 5 with EP gave the best results. In particular, the doxorubicin resistant cell line irradiated with 435 nm showed 3-fold decrease of the cell viability, as compared to its dark electroporated control.
The method with new porphyrins proposed in our work could become an option for reducing the surgery area or necessity for protecting the organism from the severe side effects of systemic chemotherapy, which also affects healthy cells of the organism. The therapy could provide an option for a low invasive and targeted treatment of high efficiency. The in vitro studies on internal organ cancer cells show potential applicability of this therapeutic approach. These results demonstrate the problem validity of the effective delivery of anticancer substances into the cancer cells, especially those with multidrug resistance (MDR). Some cancers (particularly from the gastrointestinal tract) are characterized by acquired resistance, and part of the tumor develops resistance to drugs due to prolonged chemotherapy. The introduction of a new and low invasive treatment of tumors of this type is extremely important for the success of cancer treatment and patient comfort. 6uM  12uM  6uM  12uM  6uM  12uM  6uM  12uM  EP  6uM  12uM  6uM+EP  6uM  12uM  6uM+EP Mn Fig. 9 (continued) 
